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from the spectra and compare these with the lightcurve widths and colors of SNe Ia. In addition, we compare host properties with the deviation of the observed distance modulus corrected for lightcurve parameters from the distance modulus determined by the best fit cosmological parameters. This allows us to investigate uncorrected systematic effects in the magnitude standardization. We find that SNe Ia in host galaxies with a higher star formation rate have synthesized on average a larger 56 Ni mass and show wider lightcurves. The 56 Ni mass dependence on metallicity is consistent with a prediction of Timmes, Brown & Truran (2003) based on nucleosynthesis. SNe Ia in metal-rich galaxies (log 10 (O/H)+12> 8.9) have become 0.13 ± 0.06 magnitude brighter after corrections for their lightcurve widths and colors, which corresponds to up to 6 % uncertainty in the luminosity distance. We investigate whether parameters for standardizing SN Ia maximum magnitude differ among samples with different host characteristics. The coefficient of the color term is larger by 0.67 ± 0.19 for SNe Ia in metal-poor hosts than those in metal-rich hosts when no color cuts are imposed.
Subject headings: galaxies: abundances -galaxies: fundamental parameterssupernovae: general -surveys
Introduction
Type Ia Supernovae (SNe Ia) show diversity in their optical properties. The range of B-band peak luminosity is more than a factor of two. A series of lightcurve widths and colors have been demonstrated (Phillips 1993; Phillips et al. 1999; Tripp 1998) . The radioactive element 56 Ni is explosively synthesized by the nuclear fusion of carbon and oxygen in SN Ia progenitors (Truran et al. 1967; Colgate & Mckee 1969; Hillebrandt & Niemeyer 2000) . The radioactive decay of this element is the major source of the SN Ia luminosity. For a decade there have been investigations of the link between the properties of SNe Ia and the galaxies which host these SNe Ia (e.g. Hamuy et al. 2000; Gallagher et al. 2005; Howell et al. 2009 ). Hamuy et al. (2000) used 44 nearby SNe Ia and their hosts to claim that bright SNe Ia occur preferentially in young stellar environments by examining the trend between the decline rate of luminosity and the color (B-V) of their hosts. They also claimed that bright SNe Ia occur in low luminosity hosts by the examination of the luminosity decline rate and the host V-band magnitude. Gallagher et al. (2005) showed a tentative trend of fainter SNe Ia for metal-rich hosts. The star formation activity and metallicity of SN Ia host galaxies may also affect lightcurve properties of SNe Ia. These findings, however, have a large uncertainty due to an insufficient sample size and should be updated with a larger set of data. Recently there has been a focus on the 56 Ni mass. Howell et al. (2009) and Neill et al. (2009) used over 100 pairs of SNe Ia and their host photometry to examine the dependence of the synthesized 56 Ni mass on stellar metallicity. If it can be assumed, as has been done by previous researchers, that when a host galaxy is metal-rich, a SN Ia progenitor in the galaxy is also metal-rich, one can link SN Ia characteristics with their progenitors. There is a theoretical prediction based on the nucleosynthesis: the mass of 56 Ni, a doubly-magic nucleus, becomes smaller and SN luminosity is lowered for SN Ia progenitors with larger metallicity, because of a larger fraction of neutron-rich nuclei 22 Ne (Timmes, Brown & Truran 2003) . This prediction was suggested by an analytic model and supported by detailed simulations (Travaglio et al. 2005; Röpke et al. 2006) . Observations have been consistent with this predictions (Howell et al. 2009; Neill et al. 2009 ).
SNe Ia are one of the best cosmological standard candles (e.g. Riess et al. 1998; Perlmutter et al. 1999) . Considerable effort has been put into the standardization of maximum luminosity. Lightcurve properties such as stretch and color have been used to determine cosmological parameters (e.g. Kowalski et al. 2008; Kessler et al. 2009; Hicken et al. 2009 ). Recent studies (Sullivan et al. 2010; Kelly et al. 2010; Lampeitl et al. 2010b) reported that SNe Ia are brighter in massive hosts and hosts with low star formation rate (SFR) per stellar mass (specific SFR), after SN Ia maximum brightness have been corrected using their lightcurve shape and color. These results suggest host properties such as the host stellar mass can be treated as well as stretch and color to estimate a distance modulus (Guy et al. 2010) . A recent simulation also suggests the possibility of systematic dependence of SN brightness on the progenitor metallicity (Kasen, Röpke & Woosley 2009 ).
Several studies have been conducted to investigate lightcurve properties and their dependences on their host properties for nearby and high-z SNe Ia. However, nearby samples tend to be biased toward luminous hosts, while high-z host spectra have yet to been investigated. The Sloan Digital Sky Survey (SDSS) -II Supernova Survey (Frieman et al. 2008) has performed a three year observation and spectroscopically confirmed 512 SNe Ia in the intermediate redshift range 0.05 < z < 0.4. Around 20 % of SN Ia host galaxies were observed spectroscopically by the SDSS (York et al. 2000) . With these data, we present relations between SN Ia lightcurve and their host gas properties. The dependences of the 56 Ni mass and the Hubble residuals are also presented. The data are presented in §2. The determination of host gas properties, 56 Ni masses, and the Hubble residuals are described in §3, and the sample for analysis is defined in §4. We present the results in §5, related discussion in §6 and the conclusions in §7. The adopted solar abundance is log 10 (O/H)+12 = 8.66 from Asplund, Grevesse & Sauval (2005) . We also adopt Ω M = 0.281, derived from only the SDSS-II first year cosmology sample under a spatially flat cosmological model with a constant dark energy equation of state parameter (a sample for the spatially flat cosmological model with constant dark energy equation of state parameter; in Kessler et al. (2009) ). The Hubble parameter is set to be H 0 = 72 km sec −1 Mpc −1 .
Data
The SDSS-II Supernova Survey (Frieman et al. 2008; Sako et al. 2008 ) identified 512 spectroscopically confirmed SNe Ia at 0.05 < z < 0.4, with lightcurves in five (ugriz; Fukugita et al. (1996) ) bands from the SDSS 2.5m telescope (Gunn et al. 2006 ) and camera (Gunn et al. 1998) . The survey area is Stripe 82, the 300 deg 2 southern equatorial stripe of the SDSS footprint, 20 h to 4 h in right ascension and -1.25
• to +1.25
• in declination. Figure 1a shows the redshift distribution for confirmed SNe Ia (dashed line), those with galaxy spectra (dotted line), and those plus good lightcurves (solid line, see also §5.2). The photon contribution from the galaxy component has been subtracted via the scene modeling photometry method (Holtzman et al. 2008) . The sensitivities of the u and z filters are considerably lower than those of the gri bands, so our lightcurve analysis is restricted to the gri bands.
An important aspect of the SDSS-II Supernova Survey is that a larger fraction of SN Ia host galaxies were observed spectroscopically than SNe Ia discovered by other rolling search surveys. Spectroscopic observations were performed with the fiber spectrograph mounted on the SDSS 2.5m telescope. The fiber aperture was 3 arcsec in diameter and the fiber positions were selected to obtain spectra centered on galaxy cores. See Stoughton et al. (2002) for a description of the SDSS galaxy targeting and algorithm. The spectral coverage is 3800 to 9200Å and the wavelength bin is set to 69 km sec −1 per pixel in a log-lambda scale; the instrumental resolution is 1850 − 2200.
In order to identify SN Ia host galaxies, a search was conducted in the SDSS galaxy catalog for the closest one in isophotal radius using an exponential profile for the galaxy light. Based on comparing redshifts of host galaxies with the redshifts of spectroscopically identified SNe Ia, we estimate that the probability of a SN Ia not being properly matched with its galaxy host at less than a few percent. As a result of the SN-galaxy matching, we have emission line fluxes for 118 host galaxies. The redshift distribution of the sample is presented in Figure 1a (thin dashed line).
In order to examine environmental properties on SNe Ia, we used the emission line flux measurements 1 by the MPA/JHU group available to the public. Their spectral sample includes: objects brighter than Petrosian r = 17.77 in the Data Release 7 (Abazajian et al. 2009 ) with (i) SPECTROTYPE = TARGETTYPE = 'GALAXY', a redshift less than 0.7 and a median signal-to-noise ratio (S/N) per pixel larger than zero for a sky-subtracted spectrum. The sky flux was occasionally over-subtracted 1-2 % and S/N can be below zero (Jarle Brinchmann; private comm.), or (ii) SPECTROTYPE = 'GALAXY' if the redshift is larger than 0.7 and S/N per pixel larger than 2, or (iii) SPECTROTYPE = 'QSO'. They measured line fluxes as follows: stellar continuum spectra of several different ages and metallicities were generated by a population synthesis code (Charlot & Bruzual 2010 in prep) . Then a χ 2 fit was performed to construct the best fit continuum for each galaxy spectrum. After subtracting the best fit continuum from the observed spectra, line fluxes were determined by fitting those lines with Gaussians simultaneously. We averaged line fluxes when a galaxy was observed more than once. Figure 2a is the histogram of the equivalent width (EW) of the Hα emission line (EW Hα) for our sample. The distribution of EW Hα has its peak at the 10-30Å bin. These measurements are used to derive star formation rate surface density (SFR SD, whose calculation is described in §3.2), and gas-phase metallicity. Two kinds of possible biases might be included for our sample, one of which arises in the targeting of SNe for spectroscopic confirmation, and the other in the selection for host spectra in SDSS-I.
In Figure 3 , we show the characteristics of the interstellar matter (ISM) for SN Ia host galaxies. We plot 77 of 118 SN Ia hosts with (i) a S/N above two for the Hβ, [O iii]λ 5008, Hα and [N ii]λ 6585 line, and (ii) a redshift greater than 0.04 to avoid the domination of galaxy core components (maximum fraction 20 %) by fiber aperture effects (Kewley & Ellision 2008) . Over 170,000 field galaxy observations were placed in 0.1 bins in log 10 ([N ii]λ 6585/Hα) and log 10 ([O iii]λ 5008/Hβ), and the contours connected bins with approximately 100, 2500, 5000, 7500 and 10000 galaxies (black contours from outer to inner). SN Ia host galaxies are shown in red. This is a diagnostic plot used to separate star forming galaxies and AGN-activity dominated galaxies (e.g. Veilleux & Osterbrock 1987) . The black dotted curve shows the demarcation between star forming galaxies (left bottom) and AGN-like galaxies (right top) from Kauffmann et al. (2003) . Of 77 hosts, 54 galaxies are classified as star-forming galaxies and 23 as AGN-powered galaxies. Moreover all the SN Ia host galaxies have the [N ii]λ 6585/Hα above -1.65, the lower flux ratio of the stellar wind model (Hachisu, Kato & Nomoto 1996, discussed below A non negligible fraction of SNe Ia are observed in the outskirts of galaxies (Bartunov et al. 2007; Yasuda & Fukugita 2010) . The metallicity at SN Ia sites can be estimated by global galaxy luminosity and a metallicity gradient (Henry & Worthey 1999) . Although progenitor characteristics for core-collapse SNe may be easily estimated from SN local site information (e.g. Boissier & Prantzos 2009 ), the estimation is more complicated for SNe Ia. Several studies have shown a wide range of the SN Ia delay-time, i.e. the time from the birth of a progenitor star to its explosion ( 180Myr; Aubourg et al. 2008) to near the cosmic time ( 2.4Gyr; Brandt et al. 2010) . For SNe Ia with a long-delay time, local measurements at SN sites are probably not representative of the progenitor system, since they have the ability to travel significant distances from their star forming regions due to galaxy random motion and differential rotation. The mean diameter containing 90 % of light using Petrosian flux is 6.3 arcsec for our sample, which is larger than the fiber aperture. Some fibers contain only the light around cores of galaxies, so measured values may not be representative of the global galaxy properties. It is expected that a spatial distribution of these quantities varies among galaxies. We use three galaxy characteristics averaged over the 3 arcsec aperture centered on galaxy cores, metallicity, SFR SD and EW Hα for this study. This would be another source of bias. We include SNe Ia in AGN-like galaxies, following a former study of Gallagher et al. (2005) .
Measurements

Balmer color excess
The ratio of Hα and Hβ lines provides an estimate of the color excess in a host galaxy assuming a constant intrinsic flux ratio.
The extinction law k(λ) is defined as
where A(λ) is the extinction at the wavelength λ in magnitude and E(B − V ) is the color excess in the B-relative to the V -band. R V = A(V )/E(B − V ) = 3.1 is adopted for our Galaxy. The extinction is defined as
where f (λ) is the observed flux and f 0 (λ) is the intrinsic flux without extinction.
The difference in k(λ) between λ 1 and λ 2 is
In the case of Balmer lines, k(Hα) − k(Hβ)= −1.161 for our Galaxy (Calzetti, Kinney & Storchi-Bergmann 1994) . There is evidence that this difference is applicable to other galaxies, since the Galactic extinction laws are almost indistinguishable for the Magellanic Clouds within optical wavelengths, 1.0 < 1/λ < 4.0 µm −1 (Gordon et al. 2003) . Although it has been suggested that the ratio of total to selective extinction R V is smaller for SN Ia host galaxies (e.g. Nobili & Goobar 2008) , we assume that the extinction law of SN Ia hosts is consistent with that in our Galaxy by following Takanashi, Doi & Yasuda (2008) . Intrinsic flux ratios of f (Hα)/f (Hβ) are presented in Osterbrock (1989) for optically thin (Case A) and optically thick nebulae (Case B). Since optically thin nebulae contain only a small amount of gas and therefore are difficult to observe, we use the Case B scenario f int (Hα)/f int (Hβ) of 2.88. The Balmer color excess E(B −V ) from Balmer lines is calculated as follows:
The uncertainties are propagated in quadrature. We assume the dust properties to be like those in our Galaxy and estimate E(B − V ) unless the S/N of both line fluxes are below 2 ("N/A" is tagged for non detection and "-" for low S/N cases in Table 1 ). The spectra are corrected for the reddening of their Balmer color excess.
Star formation rate
We calibrate the SFR from the Hα line, since it is a direct tracer of young stellar populations given by Kennicutt (1998) 
where L(Hα) is the Hα luminosity in the galaxy rest frame.
We also estimated the SFR SD by normalizing the SFR by its physical area, which is defined as a circle corresponding to the fiber aperture for the SDSS spectra. Figure 2b is the histogram of SFR SD for our sample. The distribution of SFR SD has its peak in the bin of 0.1 to 0.3 M ⊙ yr −1 kpc −2 . Table 1 lists the results. "N/A" is tagged for non-emission galaxies and "-" for low S/N cases.
Metallicity
Oxygen is the most abundant metal in the gas-phase, only weakly depleted, and exhibits very strong forbidden lines in the optical wavelength range. Ideally, the metallicity is measured from the gas temperature and derived from the flux ratio of the [O iii]λ 4364 line to the [O iii]λ 5008 line. However, it can apply only for metal-poor galaxies, since the [O iii]λ 4364 line, an auroral line, becomes invisible under metal-rich and cooled environments. Another method is the usage of strong line ratios. We use the latter method by following the description of Kewley & Dopita (2002, hereafter KD02) , which is reviewed. 
If the metallicity is above 0.4Z ⊙ , KD02 suggests that the derived metallicity is taken as a final estimate. We tagged these galaxies for which this calibration is used as "N2/O2a", "N2/O2d" or "N2/O2g" in the column 7 of Table 1 ; "a" is attached for the galaxies with the detection of
The R value is corrected based on the reddening correction of the Balmer line ratio.
,5008)/Hβ is also dependent on metallicity, for oxygen is one of the principal nebular coolants. The caveat for this indicator is that the calibration coefficients are model dependent. Several authors have proposed theoretical calibration schemes, including common ones by McGaugh (1991), Zaritsky, Kennicutt & Huchra (1994) , Charlot & Longhetti (2001) and Kobulnicky & Kewley (2004) (hereafter M91, Z94, C01 and KK04, respectively). The limitation of the R 23 ratio is that it gives two values of metallicity (shown upper and lower in Equation 7a). Since KD02 claimed that R values are more effectively related to metallicity at high metallicities than R 23 , they suggested to use R for their high values (> 0.5 Z ⊙ ) and R 23 for small values (< 0.5 Z ⊙ ).
M91 examined the behavior of R 23 with metallicity by including the effects of dust and variation in ionization parameter when modelling H ii regions. We use the analytic expression of M91 given in Kobulnicky, Kennicutt & Pizagno (1999) to calibrate the metallicity
[log 10 (O/H) + 12] lower = 12.0 − 4.944 + 0.767x + 0.602x
where x = log 10 R 23 and
Z94 reported that an average of the three calibrations by Edmunds & Pagel (1984) , McCall, Rybski & Shields (1985) and Dopita & Evans (1986) yields:
C01 presents a number of calibrations for various available lines. Their calibrations are based on a combination of stellar population synthesis and photoionization codes with a simple model for the dust. One of their formulae, also used in KD02, provides the following metallicity relation:
KD02 provide a number of calibrations based upon the availability of particular nebular emission lines. KK04 advocate an iterative approach to solve for both quantities
[log 10 (O/H) + 12] lower = 9.40 + 4.65x − 3.17x
where q is the ionization parameter, determined from log 10 (q) = {32.81 − 1. KD02 compared various calibrations and presented an empirical calibration scheme for metallicity over a wide range. For the galaxies with estimated metallicity below 0.5Z ⊙ from Equation 6, the average of the M91 formula (Equation 7a) and Z94 formula should be taken (Equation 9) . If the value is above 0.4Z ⊙ , the derived metallicity is the final estimate. The symbol "1b" is tagged to such galaxies with > 0.4Z ⊙ in the column 7 of Table 1. For the galaxies with estimated metallicity below 0.5Z ⊙ , the average of the C01 formula (Equation 10) and KK04 formula (Equation 11b) should be taken if they have
and [S ii] measurements; these galaxies are tagged with "1c". The Z94 formula (Equation 9) should be used for the galaxies with these three emission lines [O ii], Hβ and [O iii] (tagged as "3f"). The metallicity for 102 of 118 SN Ia hosts are derived; the remaining 16 hosts either have only Hα (and Hβ) emission line (tagged as "CaseX") or no lines above S/N> 2 (tagged as "N/A"). Figure 2c is the histogram of metallicity for our sample. The distribution of metallicity has its peak in the 9.0 to 9.2 bin. This might result from the spectroscopic target selection by the SDSS-I Legacy survey where only galaxies brighter than r = 17.77 mag were selected. Bright galaxies have already grown up to be massive and metal-rich in the nearby Universe (e.g. Tremonti et al. 2004) . Table 1 summarizes the spectroscopic properties for the host galaxy spectra. The uncertainty in metallicity is calculated by the propagation of uncertainties in line flux measurements.
Ejected
56 Ni mass Theoretical prediction The main source of SN luminosity is the decay of the synthesized radioactive 56 Ni (Truran et al. (1967) , Colgate & Mckee (1969) ). Brighter SNe presumably possess larger 56 Ni mass. Timmes, Brown & Truran (2003) proposed that less 56 Ni mass is created from metal-rich progenitors from their models that conserved charge and mass at the explosion: the fusion of 12 C and 16 O triggers the detonation that produces 56 Ni, 58 Ni and 54 Fe. The electron-to-nucleon ratio and mass fraction after the explosion are
Here Z(i) and A(i) are the number of protons and nucleons (protons plus neutrons) of the element i, respectively, and X(i) is the mass fraction. The relation between the 56 Ni mass and the electron-to-neutron ratio is thus
where a typical 56 Ni mass for the Y e = 0.5 progenitor is set to be 0.6 M ⊙ . X( 54 Fe) was set to be zero for simplification. Inclusion of this element makes the slope of Y e vs. M( 56 Ni) shallower by a factor of (58 − 56.8)/58 ∼ 2 %.
Estimate of Y e In order to derive the 56 Ni mass, a straight-forward method is to measure the abundance of SN Ia progenitors. However, this measurement is difficult, since we observe the results of element synthesis in SNe Ia. The best current effort is to use the metallicity of their hosts. With the definition of the electron-to-nucleon ratio Y e and the formula of the mass fraction for CO white dwarfs X(i) = 1, Y e is expressed as follows (Howell et al. 2009) :
We assume a constant (C/Fe) in our metallicity range (Wheeler, Sneden & Truran 1989) and set X(H) and (C/Fe) to be the solar values of 0.7392 and 8.7 (Asplund, Grevesse & Sauval 2005 
where a = 0.096 and b = −0.327 for the thin disk. Solar oxygen and iron abundances are derived from Asplund, Grevesse & Sauval (2005) : log 10 (O/H) ⊙ = −3.34 and log 10 (Fe/H) ⊙ = −4.55. From Equations 16 and 17, the 56 Ni mass is represented by a function of (O/H) with four coefficients. It decreases with increasing metallicity.
Prior to the explosion, electron capture by 12 C burning (simmering) can reduce the free electron abundance and therefore reduce the amount of synthesized 56 Ni. The effect of electron capture on the variation of 56 Ni mass may be small 5 % (Chamulak et al. 2008 ). We ignore this simmering effect. Although the far UV flux varies with Fe abundance, we can neglect this impact on the 56 Ni mass, since the flux would only be ∼ 3 × 10 −3 times larger than the optical flux (Sauer et al. 2008 ).
Estimate of
56 Ni mass We now describe the method to obtain the 56 Ni mass from SN Ia lightcurves. Since the radioactive decay of 56 Ni powers the SN Ia luminosity (Truran et al. (1967) ; Colgate & Mckee (1969) ) mainly for the photospheric phase, the maximum bolometric luminosity L bol is comparable to the radioactive luminosity. The 56 Ni mass is well described by
whereṠ(t R ) is the radioactive luminosity per solar mass of 56 Ni and γ is the ratio of bolometric to radioactive luminosity (Arnett 1982) .
Multi-band lightcurves are used to estimate the bolometric luminosity. We first derive the lightcurve parameters using the SALT2 lightcurve fitting code (Guy et al. 2007 ). The SALT2 code employs a two-dimensional spectral surface F (p, λ) in time and wavelength constructed by the average temporal evolution of the spectral energy distribution for SNe Ia (M 0 ) and its deviation (M 1 ).
where p is the rest-frame days from the date of peak luminosity, x 0 is the normalization, and x 1 is the coefficient corresponding to the lightcurve width. CL(λ) is the average color correction law and c salt is its coefficient, which is sensitive to both intrinsic color diversity and the host-dust reddening. The SALT2 fit returns lightcurve parameters (x 0 , x 1 , c salt ) for each SN Ia. Figure 24) . The maximum bolometric flux can thus be estimated using lightcurve parameters, spectral surfaces, and the luminosity distance d L , 
where t R is the time from the explosion to maximum B-band brightness (the rise time). The rise time is described by a 'stretch' parameter s(B) which determines broadening or narrowing of an average template (Perlmutter et al. 1997; Guy et al. 2005) . Following an average stretch-corrected rise time of 19.5 ± 0.2 days (Riess et al. 1999; Aldering et al. 2000; Goldhaber et al. 2001; Conley et al. 2006) , we set t R /s(B) = 19.5 (Howell et al. 2009 ). s(B) is derived from the width x 1 and the polynomial calibration given in Guy et al. (2007) 2 . We have not tried to incorporate the variation in SN rise time reported by Hayden et al. (2010) 
The quantity γ is a correction factor between bolometric to radioactive luminosity. The peak luminosity is equal to the instantaneous rate of energy deposition by the 56 Ni decay assuming constant opacity with time (Arnett 1982) . Since the opacity decreases with the temperature, thermal energy stored in opaque regions is released and adds to the luminosity at later phases i.e. γ > 1. There will be an intrinsic varience in a radial distribution of elements in SNe Ia and this could change the intrinsic variance of γ 3 . γ is thought to be roughly 10 % (Branch & Khoklov 1995) . We reflect the uncertainty of the intrinsic variance by assigning this ratio to be 1.2 ± 0.1 (Branch & Khoklov 1995; Howell et al. 2006 Howell et al. , 2009 .
Following the work of Howell et al. (2009) , the uncertainty in the 56 Ni mass is derived by propagating uncertainties in the bolometric luminosity, the radioactive luminosity and the quantity γ,
where σ γ is set to 0.1.
Hubble residual
The Hubble residual (HR) is defined as the difference in these two distance moduli:
where M is the average absolute magnitude of SNe Ia and m * B is the observed peak magnitude. The HR would be zero for a perfect standard candle, but in practice has an intrinsic scatter of ∼ 0.15 mag. Various efforts have been made to reduce this scatter and randomize it at all redshifts (e.g. Phillips 1993; Riess, Press & Kirshner 1996; Guy et al. 2007; Jha, Riess & Kirshner 2007; Kessler et al. 2009 ).
We derive standardization parameters for luminosity α, β and M so that the χ 2 = HR 2 (δµ B ) 2 +σ 2 int is minimized for the parameters. The error in distance modulus δµ B is calculated by the error propagation of the covariance matrix. The intrinsic dispersion σ int is set to be 0.14 mag (Lampeitl et al. 2010b ) and is added in quadrature to the error δµ B to achieve a reduced χ 2 close to one (Lampeitl et al. 2010a ). We use the three samples: SNe Ia with (i) host EW Hα, (ii) host SFR SD, and (iii) metallicity.
Sample selection
We investigate the link between SN Ia lightcurve properties and their host properties. Since our lightcurves have been obtained by a period-determined survey, SNe Ia which were discovered near the beginning or the end of the period are incomplete. The following criteria for lightcurves were set for the analysis to examine SNe Ia whose lightcurves can be reconstructed accurately by the SALT2 fitter:
1. at least one data point with p < −4, 2. at least one data point with p > +4, 3. at least five data points with −20 < p < +60, 4. lightcurve parameters with |x 1 | < 5.0 and/or |c salt | < 2.0, where p is the rest-frame phase in days. 30 of a total of 118 SNe Ia do not meet at least one of the criteria above, 23 of which do not meet the first three criteria, and five SNe Ia (SN 12897, 13610, 16644, 18835, 20420) do not meet the fourth criteria. The fourth criterion excludes an additional two SNe Ia which are known to have unusual lightcurves: SN2005hk ) and SN2007qd (McClelland et al. 2010) . In order to the examine dependences of SN lightcurve properties on their hosts over a wide range of host properties, we use hosts with EW (Hα)/δEW (Hα) > 1 and f (Hα)/δf (Hα) > 1 for the EW Hα and SFR SD sample. We divide each sample into sets of equal and sufficient numbers of SNe Ia from the highest value of EW Hα, SFR SD, or metallicity to examine average trends. The mean, the error on the mean, and the deviation (when necessary) for each set are shown as red points in §5.2 and §5.3. The average value at the left-most point results from the remaining SNe Ia.
Results
The
56 Ni mass Figure 4 is the histogram of 56 Ni masses for our sample. The 56 Ni mass ranges from around 1.0 M ⊙ to all the way down close to zero. The least 56 Ni mass was 0.036 M ⊙ for SN12979. Note that, for SNe Ia with the 56 Ni mass less than 0.2 M ⊙ , all the SNe Ia show large c salt ( 0.3). It is likely that the 56 Ni mass were underestimated due to the dust extinction of their host galaxies. The only exception is a SN Ia with the 56 Ni mass of 0.06 M ⊙ . The low value is attributed to a small lightcurve width (x 1 ∼ 4.0). The bolometric flux correction was assumed to be constant for each SN Ia. This correction is based on only one SN Ia spectrum ( §3.4). The wide 56 Ni mass range, however, can not be explained by varying the correction factor. The range of the correction should be 0.76 (for SNe Ia with 56 Ni mass of 0.2 M ⊙ ) or even negative (-0.16 for those of 1.0 M ⊙ ) to match to a SN Ia with the 56 Ni mass of 0.6 M ⊙ . This scatter has a trend with decline rate (Phillips 1993) and (B − V ) color at maximum date (Tripp 1998) . The left part of Figure 5 shows the color-corrected magnitude m B − βc − µ best against the width x 1 . The right part of Figure 5 One method is to obtain bolometric luminosity at maximum brightness with a constant γ. The other is to model Fe features in nebular phase spectra. All the masses except two out of a total of 17 are consistent within 20 %. Since nebular spectra of our SNe Ia can not be observed by current instruments, we have adopted the former method described in §3.4. This approach yielded a 56 Ni mass range from 0.1 M ⊙ for a subluminous SN Ia (SN 1991bg) to 1.0 M ⊙ , a comparable mass range to our sample.
Environmental effects on lightcurve properties
We start with an investigation of relations among SN Ia lightcurves and host gas properties: width x 1 and color c salt for SNe Ia, and EW Hα, SFR SD, and metallicity for their hosts. Figure 6 shows dependences of the lightcurve width x 1 on host gas properties: (Ramirez, Prieto & Lambert 2007) . The vertical dotted line indicates the value of solar metallicity. SN17332 with the lightcurve properties of (x 1 , c salt )=(-0.53, 0.11) is eliminated from the following metallicity dependence plots because its host metallicity is extremely low log 10 (O/H)+12= 7.77. The maximum x 1 appears to be independent of the host properties. However, from the data in Figures 6a and 6b it appears that the lower value decreases from -1.0 for SNe Ia in hosts with a large EW Hα of around 10
1.8Å
) or with high star formation rate (SFR SD value of 10 0 M ⊙ yr −1 kpc −2 ), to -2.5 for those in hosts with a low EW Hα of around 10 −1Å or with low star formation rate (SFR SD value of 10 −1.5 M ⊙ yr −1 kpc −2 ). Moreover, the dispersion of x 1 for hosts with the low EW Hα of the sample is 1.1, which is comparable to that for hosts with a high EW Hα. The Kolmogorov-Smirnov (KS) test gives the probabilities that SNe Ia in hosts with low and high EW Hα come from the same population to be < 1 %. The same result is obtained for the SFR surface density. The lower value of x 1 appears to increase from -2.5 for SNe Ia in metal-rich (log 10 (O/H)+12 value of ∼9.3) hosts to -1.5 for those in metal-poor (log 10 (O/H)+12 value of 8.6) hosts (Figure 6c ), being the KS probability of 81 %.
Similarly, Figure 7 shows dependences of the color c salt on host gas properties: (a) EW Hα, (b) SFR SD, and (c) metallicity. The c salt range is essentially constant with respect to the EW Hα of their hosts (Figure 7a) . If the parameter c salt were completely explained by host-dust reddening, it would show a correlation with SFR SD. Figure 7b shows wider c salt values (-0.2 to 0.2) for SNe Ia in hosts with modest SFR (log 10 (SFR SD) of -1.5 to 0.5 M ⊙ yr −1 kpc −2 ) than those in high/low star forming hosts. Some SNe Ia with large c salt ( 0.2) occur in the hosts with low star forming (SFR SD below 10 −1.5 M ⊙ yr −1 kpc −2 ) or high metallicity above 9.0. From Figure 7c , it appears that the range of c salt is wider (-0.2 to 0.2) for SNe Ia in metal-rich (log 10 (O/H)+12> 9.0) hosts than for those in metal-poor (log 10 (O/H)+12< 8.6) hosts, 0.0 to 0.1, but a KS test shows that the two distributions are compatible at the current level of statistical accuracy.
The c salt parameter measures SN reddening relative to the nominal SALT2 templates. SN reddening can be caused by host galaxy dust extinction, intrinsic variations in the SN explosion, its immediate environment or some mixture of them. A flat c salt distribution irrespective of the SN radial position (Yasuda & Fukugita 2010 ) and a correlation of the pseudo equivalent width of the "Si ii λ 4130" feature of a SN Ia spectrum with c salt (Nordin et al. 2010 ) support that the intrinsic variation of the SN explosion is introduced in c salt . We exclude SNe Ia with c salt >0.3, larger than 3 σ deviation from the averaged color in our sample (Figure 1c) , since those SNe are most likely reddened primarily by host galaxy extinction.
Since the 56 Ni mass synthesized in the SN explosion is estimated from their lightcurves, it is expected to have some dependence on their host properties. Moreover a metallicity dependence can be compared with a theoretical prediction. Figure 8 shows the dependences on (a) EW Hα, (b) SFR SD, and (c) metallicity. The upper values of the 56 Ni mass do not change with respect to these host properties. However, from the data in Figures 8a and 8b , it appears that the lower value decreases from 0.4 M ⊙ for SNe Ia in hosts with a large EW Hα and with high star formation rate, to 0.2 M ⊙ for those in hosts with a low EW Hα or with low star formation rate. The lower value of the 56 Ni mass appears to increase from 0.25 M ⊙ for SNe Ia in metal-rich hosts to 0.4 M ⊙ for those in metal-poor hosts (Figure 8c ). The KS test gives the probabilities that SNe Ia in hosts with low and high star formation rate (EW Hα, metallicity) come from the same population to be 12 % (38 %, 84 %). This indicates that the amount of the 56 Ni mass is the most sensitive to the young star fraction of their hosts. Five averaged points show that the 56 Ni mass is constant below log 10 (O/H)+12 < 8.9 and that it decreases towards high-metal hosts. The average 56 Ni mass in the highest metallicity bin is ∼0.11 M ⊙ smaller than those in the two lowest metallicity bins (but only at ∼ 1.6σ). A similar trend appears when we divide the dataset into five equally-spaced bins (0.16 dex) or when we make six representative points ithin the metallicity range of 8.6 to 9.4. This finding is consistent with the prediction of Timmes, Brown & Truran (2003) that the 56 Ni mass decreases by 0.15 M ⊙ for the metallicity range in our sample (Equations 15-17; a blue curve in Figure 8c ).
Environmental effects on supernova cosmology
We derive standardization parameters for maximum luminosity (α, β and M) and the Hubble residuals, a linear combination of them with lightcurve parameters (x 1 and c salt ) for these samples: EW Hα, SFR SD, and metallicity. Luminosity standardization parameters are derived by minimizing χ 2 with the Hubble constant and cosmological parameters fixed. For this analysis, red SNe Ia with c salt > 0.3 are treated the same as the rest. The datasets for EW Hα, SFR SD, and metallicity consist of 81, 83, and 72 SNe Ia. Table 2 summarizes the best fit luminosity standardization parameters and the HR root mean square(rms)s for these datasets. Hubble residuals are derived using these parameters. Several Hubble residuals of a SN Ia are derived if the SN Ia is contained in more than one sample. Their dependences on host gas properties are shown in Figure 9 for the samples of (a) EW Hα, (b) SFR SD, and (c) metallicity. Five averaged Hubble residuals in each panel of Figures 9a and 9b are consistent with zero (∼ 1σ). We do not observe the average maximum brightness corrected for lightcurve shapes and colors to depend on EW Hα and SFR SD. The Hubble residuals in the two lowest metallicity bins are 0.13 mag fainter than those in the three highest metallicity bins (1.8σ significance). Even though the significance is marginal, this corresponds to up to 6 % uncertainty in luminosity distance.
Further, we split each sample by their host characteristics and derived luminosity standardization parameters. Results are again summarized in Table 2 . Figure 10 shows the significance levels in the differences of correction coefficients α (rectangles), β (circles) and M (triangles) between low/high EW Hα, SFR SD and metallicity. Left (right) side points of each entry are the values for the sample with (without) the color cut. A significance is defined as the difference of a coefficient for low/high host properties divided by the root of an error sum of squares. Because of the many tests performed (Table 2) , the significances on these results are less than what would be naively computed from the number of standard deviations. (i) SNe Ia in hosts with low EW Hα have a marginally larger α, a marginally smaller β (1.7σ), and larger negative M (3.6σ) than those in hosts with high EW Hα. (ii) SNe Ia in hosts with low SFR SD have a marginally larger α (1.6σ), a comparable β, and a marginally smaller negative M than those in hosts with high SFR SD. (iii) SNe Ia in metalpoor hosts (log 10 (O/H)+12 < 9.0) have a comparable α (< 1σ) to those in metal-rich hosts but have larger β (3.5σ) and marginally smaller negative M (1.8σ) than those in metal-rich hosts. (iv) R V ∼ β − 1 is smaller for SN Ia hosts, compared with the canonical value of R V = 3.1 for our Galaxy. (v) The HR rms for SNe Ia in high EW Hα, high SFR SD and metal-rich hosts were smaller. These HR rms were comparable to 0.178 mag for the SDSS-II only sample (Kessler et al. 2009 ). When these parameters were calculated for the sample without red SNe Ia (c salt < 0.3), the difference in β disappears below the 1σ level, while other parameters are barely changed.
Discussion
The relations between lightcurve characteristics of SNe Ia and their host gas properties have been investigated. EW Hα, SFR SD and metallicity has been used as host gas properties. For dependences of host galaxies on SN Ia properties, the averaged lightcurve width was narrower for SNe Ia occurring in hosts with lower EW Hα. This suggests that hosts with a lower EW Hα give birth to SNe Ia with narrower widths of lightcurves. The lightcurve width was also narrower for SNe Ia in lower star forming rate hosts. Moreover, the 56 Ni mass was observed to have the best sensitivity to the EW Hα of their hosts. Although this mass shows a wide scatter from ∼ 0.2 to 1.0 M ⊙ , the average trend between the 56 Ni mass and metallicity was consistent with a theoretical prediction based on the nucleosynthesis (Timmes, Brown & Truran 2003) . For the standardization of maximum luminosity, the HR averages were constant with respect to EW Hα and SFR SD, indicating that the dependences of maximum luminosity on them were removed by lightcurve corrections. The coefficient β was large for SNe Ia in hosts with large EW Hα and low metallicity.
Effects of host galaxies on SN Ia properties: Dependences of SN Ia lightcurve properties on host characteristics can be compared with a similar study using nearby SNe Ia and their hosts (Gallagher et al. 2005) . Observing entire spectra of nearby galaxies, they measured emission line fluxes and derived EW Hα, SFR by the Hα emission, and metallicity by the ratios of strong lines. Their result shows that the deviation of ∆m 15 for SNe Ia in hosts with low EW Hα (< 18Å) is more than twice larger than that for SNe Ia in hosts with high EW Hα. The differences between our findings and theirs probably results from sample selections. Around 80 % of SN Ia hosts in their sample are very bright nearby galaxies categorized before 1980 in the New General Catalogue, the Index Catalogue or the Uppsala General Catalogue of Galaxies.
Recently the 56 Ni mass was correlated with host metallicity (Howell et al. 2009; Neill et al. 2009 ) derived from stellar masses and empirical calibrations (Tremonti et al. 2004; Liang et al. 2006) . Howell et al. (2009) used over 100 pairs of SNe Ia and their host photometry in the high-z universe (z ∼ 0.4) to report that the average of the 56 Ni mass becomes smaller for metal-rich hosts. Neill et al. (2009) used a similar size of SNe Ia and hosts in the local universe (regression velocity of cz 30, 000km sec −1 ) and reported that although the data were statistically consistent with no trend, they were also consistent with the Howell et al. (2009) and the Timmes, Brown & Truran (2003) model. Their method of metallicity estimation is different from ours, since emission lines are formed by interstellar gases while photometry is primarily contributed by the stellar component. It can be said that our study has revealed the dependence of the 56 Ni mass on host gas metallicity.
Luminosity standardization : Gallagher et al. (2005) found insignificant correlations between HR and Hα-emission related properties of the Hα EW and the SFR SD, while they showed a slight trend of a negative HR for SNe Ia in metal-rich hosts. However, they cautioned that the trend was less than a 2σ detection. Our findings are consistent with theirs. We do not make comparisons with Gallagher et al. (2008) , which ruled out a no-correlation at the 98 % significance level, because they analyzed different type hosts (passive) by a different metallicity estimation method (absorption lines).
Recent studies (Sullivan et al. 2010; Kelly et al. 2010; Lampeitl et al. 2010b ) reported evidence at between 2 and 3σ that SNe Ia are brighter in massive hosts with low star formation per stellar mass (specific SFR), after their SN Ia maximum brightnesses have been standardized by using their lightcurve shapes and colors. If massive hosts are metalrich, their results agree with brighter SNe Ia in metal-rich hosts after lightcurve corrections (Figure 9c ).
We found a hint that SNe Ia have smaller 56 Ni mass on average in metal-rich hosts (Figure 8c ). On the other hand, we found a marginally larger negative M (Table 2) and HR (Figure 9c ) for such SNe Ia. Since the 56 Ni mass is the main source of the SN luminosity (Arnett 1982) , smaller 56 Ni masses would result in a smaller negative M. There is also evidence of smaller negative M for SNe Ia in hosts with a high EW Hα (Table 2) . These findings agree with a former study (Sullivan et al. 2010 ) that SNe Ia in massive hosts becomes 0.08 mag (≈ 4.0σ) brighter after lightcurve corrections if massive hosts are metalrich and have a low Hα. Kasen, Röpke & Woosley (2009) claimed from simulations that metal-rich progenitors cause SNe Ia both to be fainter and to have narrower lightcurves. They also showed that SNe Ia in metal-rich progenitors are brighter for a fixed decline rate of luminosity. Thus, our findings are qualitatively consistent with these studies.
There is evidence that β is larger for SNe Ia in metal-poor hosts or hosts with a large EW Hα. This suggests that the size of the color correction βc salt is larger for SNe Ia with the same color in hosts with metal-poor/large EW Hα than those with metal-rich/low EW Hα (Table 2) . Similar results have been shown in Lampeitl et al. (2010b) that β is larger for SNe Ia in star forming hosts than passive hosts. An uncertainty of 0.16 in the β estimation for our 36 metal-poor galaxies is comparable to that of 0.16 for their 40 passive hosts. Sullivan et al. (2010) derived SFR and stellar mass to present a larger β for SNe Ia in the hosts with higher specific SFR and with lower stellar mass. If these galaxies are metal-poor and show large Hα EWs, our results agree with theirs. Since metal-poor and star forming galaxies are dustier than metal-rich and passive galaxies, these findings might imply that large dust extinctions in hosts increase β.
As can be seen in Table 2 , there might be evidence for a different α between low and high SFR SD hosts at between 1 and 2σ. If the effective α does depend on star formation rate, one would expect it also to be a function of redshift due to the increase in cosmic star formation with redshift (Lilly et al. 1996; Madau et al. 1998; Cowie et al. 1999; Flores et al. 1999; Haarsma et al. 2000; Wilson et al. 2002; Hopkins 2004; Hopkins & Beacom 2006) would introduce a change in α.
Progenitor model: It is well documented that CO WDs in a binary system can increase their masses by accretion from their companion star (e.g. Whelan & Iben 1973; Iben & Tukukov 1984) . When their masses reach the Chandrasekhar limit, they are expected to explode as SNe Ia. An explosion model by Hachisu, Kato & Nomoto (1996) proposed that WDs below a metallicity cutoff can not explode as SNe Ia because they cannot produce a wind. Based on this scenario, Kobayashi et al. (1998) Pettini & Pagel (2004) . As shown in Figure 3 , there are no SN Ia hosts below the metallicity of 8.0. Since the MPA/JHA database itself has a very low fraction (< 0.1 %) of such galaxies (Figure 3) , the absence of SN Ia hosts might not be meaningful, but, they might support the Hachisu model.
Metal-poor hosts below the metallicity cutoff were obtained in the high-z samples of Howell et al. (2009) and Sullivan et al. (2010) . However, the average metallicity drops by at most 0.1 dex (Rodrigues et al. 2008 ) between nearby and their largest redshift hosts. Thus, it is hard to believe that the existence of metal-poor hosts does not result from the usage of nearby empirical relations between stellar masses and metallicities (Tremonti et al. 2004; Liang et al. 2006) . These hosts might imply a different channel to the SN Ia explosion from the Hachisu model. Spectroscopic observations of those galaxies will be of great help to discuss their metallicity effects.
Conclusions
We have analyzed the multi-band lightcurves of 118 confirmed SNe Ia and the spectra of their host galaxies. We derived the EW Hα, SFR SD, and gas-phase metallicity from the spectra and compared these with the lightcurve widths and colors of SNe Ia. In addition, we compared host properties with the Hubble residuals corrected for lightcurve parameters to investigate uncorrected systematic effects in the magnitude standardization. We conclude the following:
(i) SNe Ia in hosts with a higher star formation rate, on average, have synthesized larger 56 Ni mass and show wider lightcurves. The 56 Ni mass dependence is consistent with a nucleosynthesis-based prediction.
(ii) SNe Ia in metal-rich galaxies (log 10 (O/H)+12> 9.0) have become 0.13 magnitude brighter (at the 1.8 σ level) after lightcurve corrections, which corresponds to up to 6 % uncertainty in the luminosity distance.
(iii) The coefficient of the color correction term in standardizing luminosity is larger for SNe Ia in metal-poor hosts or hosts with a large EW Hα (at the ∼ 2σ level). show a lower x 1 and a higher c salt relative to the confirmed SNe Ia. The color histogram for 512 confirmed SNe Ia is multiplied by 0.5 for illustrative purposes. Dotted histograms for x 1 and c salt distributions are confirmed SNe Ia at z < 0.2. The x 1 distributions for SNe Ia at z < 0.2 and the good LC sample come from the same distribution with a 68% probability and the c salt distribution with a 98 % probability. The distributions of over 170,000 galaxies for the MPA/JHA sample are shown as the black contour lines (100, 2500, 5000, 7500, 10000 galaxies from outer to inner), whereas SN Ia host galaxies are in red. The black curve shows the demarcation between star forming galaxies (left bottom) and AGN-like galaxies (right top) from Kauffmann et al. (2003) . 
